Abstract-Beginning with a model of radial energy transport in a fluid saturated porous medium formed by a cubic array of cylinders with a stagnant fluid, a generalized method for determining overall effective conductivity, volumetric specific energy capacity, and effective thermal diffusivity is derived. The resulting model is not limited to any particular geometry, since it requires only the physical properties of the fluid and solid, and the void fraction as input. Comparisons demonstrate that the model agrees well with both experimental and theoretical values for the effective conductivity, while requiring no empirical or theoretical model parameters.
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INTRODUCTION
BECAUSE of their large interphase surface area to total volume ratio, and their capability ofgood fluid mixing, packed beds have been used in a wide variety of processes which require an interaction between one or more fluids and one or more solids. Catalytic reactors, pebble bed heaters, evaporators, absorbers, glass furnaces, and thermal energy storage are examples of applications of packed beds.
Numerous studies have been dedicated to understanding the various physical mechanisms of flow and heat transfer in packed beds, to improve their design. Recently the storage of thermal energy in packed beds has prompted the study of transient temperature distributions in rock beds for thermal energy storage, as would be employed in solar domestic heating. During an energy collection (charging) period, a temperature distribution, or thermocline, will be established in the packed bed ; if there is not an immediate demand for this stored energy, the thermocline will decay, with the associated loss in available energy. For downward flow during charging, an inherently unstable temperature distribution is established in the upper regions of the bed, since the outlet temperature from the collector decreases after reaching a maximum near solar noon. Therefore, both natural convection and pure diffusion may contribute to the thermocline degradation in various regions of the bed. As an aid to understanding the importance of this natural convection, in addition to the previously mentioned applications, a reasonable value for the effective thermal conductivity, and effective thermal diffusivity in a stagnant packed bed is needed. However, as Pai and Raghavan [l] report, the problem of determining the thermal conductivity of a heterogeneous system has defied analytical solution for a considerable time.
The general problem of determining the overall effective thermal conductivity ofa porous medium may be approached by one of two basic ways :
(1) The overall value is taken as an appropriate average of the separate phase contributions.
(2) Transport among individual particles in a regular array is extended to the entire medium.
In a medium composed ofa solid phase and a gas phase, the averages over the separate phases assume that conduction through the solid acts over a volume 1 -E and the conduction through the gas in the void spaces over a fluid volume E. This approach has been used not only to determine the effective thermal conductivity of a porous system, but also the electrical conductivity, magnetic permeability, coefficient of diffusion, etc. of heterogeneous media (cf. Wyllie [2] , Dul'nev and Norikov [3, 4] Cheng and Vachon [7] ).
The method of extending transport among a few particles to the entire packing is exemplified by the works of Kunii and Smith [S] and Yagi and Kunii [9] . Parameters related to the angle bounding the heat flow area for one contact point, the number of contact points, etc. are required in the work by Kunii and Smith, and the total area of perfect contact surfaces, effective thickness of the fluid film in the void space relative to the thermal conduction effects, etc. for the model by Yagi and Kunii. Thus, these models require empirical or theoretical parameters other than the physical properties of the bed and packing materials ;
still other parameters are needed to account for radiation effects, if the bed is operated at high temperatures. Krupiczka [lo] presents an interesting comprehensive analytical study of the thermal conductivity of packed beds, which expresses the thermal conductivity in terms of the properties of the bed. Assuming models composed of both cylinders and spheres, solutions are obtained by non-orthogonal series methods. Since these results are difficult to utilize effectively, approximations with simpler functions are derived. Existing experimental data is then used to develop a correlation in terms ofthe bulk mean voidage and k,/k,. The resulting expression is independent of the particle diameter and length of the bed. Thus, Krupiczka's model results in identical values of thermal conductivity for beds with equal void fraction and solid and fluid, regardless of the particle diameter or geometrical dimensions for the bed.
The present work was directed toward finding the effective thermal conductivity and effective thermal diffusivity of a stagnant packed bed, at a low mean temperature where radiation effects are small, using only the void fraction, thermal properties of the solid and fluid, and the solid and fluid densities. To accomplish this, a specific geometry is assumed for the porous media, from which a generalized arrangement of solid and fluid regions is specified, the relative volumes of which are governed by the bulk mean void fraction, E. As such the final model is independent of the specific geometry of the actual packing but rather is a generalized model for diffusion in a porous media.
PROPOSED MODEL
It is desired to analyze the transport of thermal energy in a fluid saturated porous medium composed of cylinders, arranged as shown in Fig. 1 , with the central cylinder as the source of the energy. From symmetry, only the shaded region, with an included angle of 7~14 must be considered in the analysis. Conduction through the two phases, solid and fluid, is assumed to be the only mechanism for energy transport, implying that the fluid phase is stagnant and radiation effects may be neglected. Hereafter the fluid phase will be referred to as 'void' regions. Conduction through the contact points between discrete solid particles is included in the model as regions of continuity in the solid phase (see Fig. 3 ).
General considerations
In this approach, the existing arrangement of solid and void regions will be replaced by an equivalent arrangement of solid and void, whose geometry is more amenable to calculating the overall effective conductivity. The original voids are each replaced by a void placed within two concentric cylinders of radii rij and Rij, and within the angle @(see Figs. 2 and 3) . The model geometry is thus divided into sections, with the index j denoting the section number containing the particular void. A section is defined as the region bounded by two planes perpendicular to the axis ox, each containing the axis of one of the two neighboring cylinders, and the axes ox and oz. (For example, the first section, Fig. 3 , is the triangular area OA'A.) The index i denotes the position of the void in each section; the subscript i indicates the first void location from the center of the array, immediately above the axis ox. With these definitions, rij may be determined from the expression
In the proposed arrangement of solid and fluid, the volume ofthe model voids must be individually equal to the volume of the voids they replace. To accomplish this, R, is given by 
I when i = j. The included angle for each new void is given by ej = p;,
if j 2 2, where
The radii rij and R,, defined above, are used to characterize the model voids, beginning with section two of the model geometry. The void associated with the central cylinder will be considered as a special case. Since the central cylinder is contacted by other cylinders only in line contacts, it is appropriate to consider the central cylinder as being surrounded by void region of radius Rl 1. R, is defined by
12R, n
With R, so defined, it is necessary to specify R 11, such that the volume bounded by R and Rl 1 is void and between Rll and R, both solid and void regions exist, with a common interface along the line which makes an angle 1 with ox. Then 41/7r represents the void fraction in the volume (7c/4) (Ri -Rll ')L.
The total void fraction in the volume bounded by R, and l9 = 7r/4 is given by 2e~~
=~(R112--~~)+~(~:_-~~1~).
Solving this equation for RI 1 yields At this point the angle 1 is still an unknown the following relation is adopted when I > n/8, which parameter, and must be specified in order to determine establishes the line E, Fig. 4 , as the boundary for Rll Rll. It is assumed that the length of Rll will be determined by the following expression which relates sin y R1l =R1lLsin [rr-(L+y)]' (11) the solid volume between R 11 and R, and the total void volume bounded by R and R,. The ratio of these R 1 I, is obtained from the equation ( 
Analysis of energy transport
Utilizing the proposed geometric model of a generalized porous medium, the effective conductivity of the stagnant fluid case for the overall arrangement may be determined. If we assume that a specified heat flux, ql, is flowing from the central cylinder, of radius R, limited by an angular range 0 < 0 < n/4, the proposed geometry may be treated as a composite conduction medium, with defined solid and fluid regions. Using an electrical analogy, the system is represented by four resistances in series G, represents the sum of the angles that form the void region between R, and R,, ,, where R,, 1 and R, are two consecutive radii of the composite cylindrical solid/void model, beginning with ri2 and ending with the external radius of the composite conduction medium. This method of defining X, which determines the locations of the voids in the model geometry, contributes to the extended validity of the model for cases where the void (fluid phase) is randomly distributed in a given system. Since equations (2) and (3) are written in terms of a bulk mean voidage, E, the structural development of the model is not a limiting factor, and the model is easily extended to other geometric arrangements, with their associated variations in E. Therefore, although the model is developed for a particular geometry, the result is applicable to other geometries by allowing E to vary. It is also apparent that the model is equally valid for any two distinct materials, fluid and solid, or just solids.
The overall resistance to the flow of energy, in analogy to an electrical circuit, is given by u = u,+u,+w+x,
and the overall effective thermal conductivity
where R, = L. Also, the thermal diffusivity ofa medium controls the diffusion of energy in a purely conductive mode. As such, the property of interest for the study of thermocline degradation in a packed bed for thermal energy storage is the effective thermal diffusivity k, cIe = (1 -E)&C, + &P&f.
(20)
The denominator of the function is linear in E, while k, is a complex function of several parameters. This implies that for a given packed bed, the effective thermal diffusivitydependsstrongly on the voidfractionand the fluid and solid properties. To validate the model, it must be tested for a number of packings, including variations in void and packing particle shape and size.
RESULTS AND DISCUSSION
The proposed method of solution was programmed for an IBM Personal Computer, with the required input parameters of length of packing traversed by the energy, L, the average spherical particle diameter, D,, the bulk mean voidage, E, and the thermal conductivities of the solid and fluid phases, k, and k,, respectively. For purposes of comparison, calculations of effective conductivities were made for the experimental cases reported in the summary by Ofuchi and Kunii [ 1 l] and one measured value by Beveridge and Haughey [S] . The results of these calculations Tables 1 and 2 . The mean bed temperature in the data of Ofuchi and Kunii was N 50°C so that radiative effects are relatively small. In general, the proposed stagnant fluid, conductive model is in good agreement with both the experimentally determined values and the predictions by Ofuchi and Kunii. However, there are specific cases for both models where the experimentally determined values are quite different than the predicted values (i.e. Cases 18, 22, 23, 24, 26, 27, and 31) . Error bounds for the experimental data could not be determined. However, the present authors could find no reasonable pattern of discrepancy to indicate a particular physical explanation as the primary reason for the differences. In any case, for physical systems as complex as these, the predictions are quite reasonable, and follow the gross behavior of the overall effective conductivity quite well, both for the present model and that of Ofuchi and Kunii. It CI,/CL~ are monotonic functions of c, with a limiting value for both curves as E approaches 0.8. From c: = 0.7 to 0.8 the value of k,/k, continues to decrease while r,/c(r represented by a dashed line, exhibits a change in slope. Further experimental study is required to determine the nature of the physical phenomena in this range of void fraction. Figure 6 demonstrates the rapid increase of k,/k, for 2 < In (k,/k,) < 5 with limiting values quickly reached outside this range.
CONCLUSIONS
Beginning with a cubic arrangement of cylinders, a general arrangement of solid and void regions has been developed which allows for calculation of the overall effective conductivity and the overall effective thermal diffusivity of a packed bed. The model requires only the void fraction of the packing and the solid and fluid properties. Comparisons with experimental data and predictions for a range of void fraction, fluid and solid properties, and packing particle shape and size distributions show good agreement. This model may then be used to approximate the effective thermal conductivity and effective thermal diffusivity of a packed bed with a stagnant fluid phase. Also, knowing the effective conductivity of a stagnant bed will allow the effect of natural convective motion in the fluid to be assessed.
The model might be improved by starting from a three-dimensional spherical geometry, rather than a cubic packing of cylinders. An additional improvement may result from the introduction of radiative transfer in the void spaces, in cases of high temperature operation.
The range of void fraction studied experimentally is 
